Introduction
Most eukaryotic m RNAs possess at their 5'-termini a "cap", m7GpppN, where the first nucleo side, 7-methylguanosine (m7G), is linked by the 5'-to-5'-triphosphate linkage to the next nucleoside N, which may be guanosine (G), adenosine (A), uridine (U), cytosine (C) or their 2'-0-m ethyl de rivatives, 2'-0-m ethylguanosine (m2 G), etc. The cap structure is necessary for optimal protein translation (Sonenberg, 1988; Darzynkiewicz et al., 1987) . Several cap-analogues have been shown to inhibit translation (Darzynkiewicz et al., 1987) by competing with capped mRNA for the binding site of the specific protein translation factor eIF4E (eukaryotic initiation factor type 4E), with eight tryptophans conserved both in number and loca tion (Sonenberg, 1988) . Stacking between 7-methylguanine and tryptophans plays a fundam en tal role in interaction between cap and eIF4E. Ti tration of eIF4E with cap-analogues results in quenching of the fluorescence emission of Trp residues (Ueda et a l, 1991 a; Carberry et al., 1989) . This finding led to a tentative model for such inter actions, based on stacking and hydrogen bonding 0939-5075/99/0300-0278 $ 06.00 © 1999 Verlag der Zeitschrift für Naturforschung, Tübingen • www.znaturforsch.com. D (U eda et al., 1991b; Carberry et al., 1989) , sub sequently backed up by 'H-NM R and fluores cence studies on interaction of cap-analogues with small peptide mimics of the eIF4E sequences (Stolarski et al., 1996a (Stolarski et al., , 1996b Ueda et al., 1988) .
This model has been recently confirmed by reso lution of the murine N-terminal active fragment 28-217 of eIF4E (the first 27 amino acids in the protein sequence truncated), bound to 7-methyl-GDP, by means of X-ray diffraction study (Marcotrigiano et al., 1997) as well as structure determ ina tion of the yeast e IF 4 E -m 7G D P complex in solu tion, by means of multidimensional NMR methods (M atsuo et al., 1997). m7GDP, presumably in the cationic form , is bound in a hydrophobic pocket of the protein. The ligand is stabilized by sandwiching of 7-methylguanine between two tryptophan indole rings , and by three hydrogen bonds between 7-methylguanine and the carboxyl group, and the side-chain NH of glutamic acid Glu-103 and tryptophan Trp-102, respectively. Although some structural differences between the complexes have been observed, both are very similar, in the case of 31% sequence identity of both protein factors. This leads to the conclusion that eIF4Es from other sources possess similar mRNA capbinding fold, including eIF4E from human erythro cytes, which is highly homologic to murine eIF4E.
Intram olecular stacking in mRNA also plays an im portant role in initiation of protein synthesis. Se condary structure at the 5'-noncoding region of mRNA, which contains cap, generally inhibits translation. Protein initiation factors, including eIF4E, eIF4G and RNA helicase eIF4A, grouped in the eIF4F complex, are involved in melting this secondary structure in the 5'-terminal mRNA non coding region (Sonenberg, 1988) .
These results prom pted us to undertake detailed fluorescence study on association of eIF4E from hum an erythrocytes with a series of mono-and di nucleotide cap-analogues (see Scheme 1), based on an improved methodological approach. The series includes the cap-analogues with either a purine or a pyrimidine nucleotide as the second one in the m RNA sequence, the 5'-to-5'-triphosphate bridges of different lengths, and with chemical modifica tions in the bases and sugar moieties of the constitu ent nucleosides. O ur study gives further insight into the mechanism of binding of various caps by eIF4E, during initiation of protein biosynthesis. 
Experim ental
GM P and G D P were from Sigma Chemical Cor poration USA. Syntheses of the cap-analogues has been described previously (Darzynkiewicz et al., 1985; Stepiriski et al., 1990; Darzynkiewicz et al., 1990; Stepiriski et al., 1995; Jankowska et al., 1996) .
Eukaryotic initiation factor from human ery throcytes has been expressed in E. coli (strain BL21(DE3)pLys) according to Stern et al., 1993. The bacterial cells were transform ed by a plasmid p E T lld , containing the cloned coding region for human eIF4E, and the T7 promoter. Induction of T7 polymerase in liquid culture of bacteria on Luria-Bertani broth, with ampicillin and chlor amphenicol, was initiated by addition of isopropyl-ß-D-galactopyranoside. A fter lysis of bacterial pel lets the protein was isolated from the soluble frac tion by means of affinity chromatography (Webb et al., 1984) and purified on a M onoQ column.
The UV absorption spectra were recorded on a Cary 3E spectrophotom eter. The fluorescence spectra were recorded on a Perkin Elm er LS 50B Luminescence Spectrometer, with the right angle detection (0.4x1 cm cell). The titration was car ried out by adding 0.5-50 (il of concentrated nu cleotide solution to 1.4 ml of 2 -4 [im solution of eIF4E in 20 mM HEPES-KOH buffer pH 7.6, con taining 100 mM KCl, 1 mM DTT and 0.2 mM EDTA. For all measurem ents the excitation wave length of 280 nm was employed. The samples du ring the absorption and emission m easurements were therm ostatted at 20 °C within 0.1 °C.
Determ ination of the equilibrium association constants K of the eIF4E-cap complexes were based on analysis of the fluorescence spectra cor rected as follows (for more detailed description and derivation of the equations below see Wieczo rek et al., 1998):
(a) the contributions of the fluorescence of the cap analogues were subtracted by least-squares fit ting; (b) concentrations have been corrected for addi tions of a cap-analogue to the cuvette; (c) the fluorescence intensities have been cor rected for the absorption enhancem ent during tit ration of the protein with cap-analogues (inner fil ter effect);
The fluorescence intensities F were obtained by integrating the whole fluorescence spectra, what is of importance for the correct subtraction of the cap fluorescence (see above). Values of the associ-
, where Ccom, CN and Cyv' Cp CP are the equilibrium concentrations of the com plex, cap-analogue and eIF4E, respectively, were obtained by assuming a 1:1 protein-ligand com plex and a linear dependence of the fluorescence intensities on the protein concentration. These led to a modified representation of the Eadie-Hofstee equation:
where CN0 is the total concentration of a cap-analogue, Cpo is the total concentration of eIF4E, AF = F0 -F, and AFmax = F0 -Fb. The fluores cence intensities F0, F and Fh of eIF4E at the pro tein concentration of CP0 correspond to those without the cap-analogue, after adding the suitable amount of the cap-analogue during titration, and after saturation of the protein with the cap-analogue, respectively. As can be easily seen, is Typically three titrations were made for each cap-analogue to determine K and AFmax, leading to a statistical error of 10%. For some selected cap-analogues the three series of titrations were carried out several times at different concentra tions of the protein. The calculated param eters were independent of the protein concentration within the statistical error.
Results and Discussion

Fluorescence and structures o f the eIF4E-cap complexes
As can be easily seen from the dependence of AF/F0 on a cap concentration (Fig. 1) it is very im portant to take into account the absorption of the cap-analogue during measurements of fluores 0.
0. cence quenching of the protein, due to formation of the cap-eIF4E complex. This, as well as calcula tions of the fluorescence intensities from the whole spectra after subtraction of the cap fluores cence, provided us with precise values of the eIF4E -cap association constants K (Table I) , from the modified Eadie-Hofstee plot (Fig. 2) . In our representation of the Eadie-Hofstee equation (see Experim ental) it is possible to use the total cap concentration, contrary to the representation used hitherto, where the equilibrium concentration of the cap-analogue during titration of eIF4E should have been applied but instead, the total concentra tions has been used ( , 1997) . Comparing the values of the association constant K from the fluorescence measurements presented in this paper with those taken from the literature (Table I) it is clearly seen, that for the nucleotides containing 7-methyl guanine our new association constants are 1.2 to 3.5 times greater, whereas for nucleotides without the N7-methyl group are 1.6 to 2 times smaller. Alkyl substitution in N7 is necessary for a capanalogue to be tightly bound by eIF4E. The values of K for the caps containing 7-substituted guanine are up to 25 times greater than those for nucleo tide analogues without the guanine N7-alkyl group, e.g. see K for m7G D P and GDP. N7-benzyl group seems to be easily accommodated in the hy drophobic pocket of eIF4E, leading to a slight en hancem ent of binding. The same holds for the re placement of one of the N2-amino protons of m7G by the methyl group. On the other hand introduc tion of two methyls into the amino group of m7G gives rise to 10-fold diminution of the association constant K , due to interruption of the hydrogen bond with Glu-103. The num ber of the phosphate groups is of importance only for mono-and di phosphates, the latter being better bound by eIF4E. This is the result of stabilization of both of the phosphate groups by water mediated hydrogen bonds and salt bridges to arginines, lysine and aspartic acid in the eIF4E active centre (Marcotrigiano et al., 1997). Extension of the phosphate chain to four phosphates has practically no influ ence on K. The type of the second nucleoside in the dinucleotide cap-analogues is only of minor importance for binding, except for m2 G, in which the 2'-m ethylation strengthens the hydrophobic character of the sugar moiety. The differences in K for the cap-analogues with various nucleosides contiguous to 7-methyl-guanosine may reflect the differences in intramolecular stacking inside the cap-analogues (Wieczorek et al., 1997) , disrupted by eIF4E during binding of the cap-analogue in an extended conformation.
Ca/o
The second param eter measured fluorimetrically, AFmax normalized to F0 (AFmax/F0), corres ponds in som e respect to the number of trypto phans in eIF4E, engaged in the interaction with cap, under the condition of similar participation of each tryptophan to the fluorescent emission. For typical caps AFmax/F0 of ca. 0.23 corresponds to three out of eight tryptophan residues engaged in interaction with 7-methylguanine (Marcotrigiano et al., 1997) . For nucleotides unmethylated at N7 or double m ethylated at N2 this param eter is ca. 0.16, showing unspecific binding with a less num ber of tryptophans engaged.
The preliminary investigations of the influence of the ionic strength (KC1 concentration) and the molar amount of DTT on the fluorescence of eIF4E during cap binding (K and AFmaxIF()) point to possible conformational changes of the protein in resp ect to th ese e n v ir o n m e n ta l p a ra m eters, w ith th e o p tim a l v a lu e s fo r th e p r o te in a ctiv ity ca. 100 mM KC1 and 0.5 to 2 mM d ith io th r e ito l (DTT).
Biological aspects
Accurate fluorescence measurements of associa tion between eIF4E and structurally various capanalogues enable to extend the interpretation of biological data, based on the structure of the e IF 4 E -m 7GDP complex (Marcotrigiano et al., 1997; Matsuo et al., 1997) . Some of the cap ana logues presented in this paper has been already tested, and some of them are being investigated, as the competitive inhibitors of protein translation in several in vitro systems. The striking result comes from the comparison of the association con stant K (Table I ) with the inhibitory activities for m7GMP and its di-and triphosphate counterparts (Darzynkiewicz et al., in preparation) . Addition of the second (or the second and the third) phos p h ate^) gives rise to 3.4 to 4.4 increase of the as sociation constant, and more than ten times in creases the inhibitory activities. The presence of at least two negative charges on the phosphate chain as a minimal requirem ent for the activity of 7-methylguanine nucleotides has been originally postulated (Darzynkiewicz et al., 1981) . This was based on the drastic drop of the inhibitory activity caused by the methyl esterification of the alpha phosphate in m7GMP. Similar esterification of the beta phosphate in m7G D P and the gamma phos phate in m7GTP had no effect on the inhibitory activities in comparison with the parent nucleo tides (Darzynkiewicz et al., 1985) . These lead to the conclusion, consistent with the structure of the e IF 4 E -m 7GDP complex (Marcotrigiano et al., 1997) discussed above, that at least two phosphate groups, with at least two negative charges on them, are required for the proper binding of cap by eIF4E. The third phosphate seems to be of much less importance for the binding.
Most of the dinucleoside tri-and tetraphosphate cap-analogues, possessing an alkyl substituents on the first guanine, show relatively similar values of K , the highest being for m7Gpppm 2 G, the ana logue of capl, and the lowest for m7G pppU (Table I) . This corresponds to a stronger inhibitory effect of 2'-0-m ethyl analogues on the efficiency of protein translation (Kuge et al., 1995) . However, the type of the second nucleotide in cap seems to be of minor importance for its binding by eIF4E as well as for the activity in translation.
The exceptional, ten times lower value of the association constant of nvp-7GpppG and m;p 7GMP, but not m PG pppG and m^G M P, com paring to other cap-analogues, is consistent with the lack of inhibition of protein translation of the former (Darzynkiewicz et al., 1988) . It is pretty obvi ous, bearing in mind the stabilization of 7-methylguanine by the hydrogen bond to Glu-103 of eIF4E, with the amino group as a proton donor (Marcotrigiano et al., 1997). Trimethylated caps are recognized by some of the isoforms of eIF4E from the nema tode Caenorhabditis elegans (Jankowska-Anyszka et al., 1998) .
The comparison of the physicochemical and bio logical data point to a decisive role of binding of cap by eIF4E as a rate-limiting step in protein
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translation. Interaction between two protein factors eIF4E and eIF4G, see e.g. Morley et al., 1997, is of equal importance at that stage of translation. Fur ther insight into the structural and dynamical as pects of ternary complexes, including eIF4E, eIF4G and capped oligoribonucleotides, seems to be of ma jor importance for constructing a structural and dy namic model of the initiation of translation.
